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We report a correlation between the radial acceleration traced by rotation curves and that pre-
dicted by the observed distribution of baryons. The same relation is followed by 2693 points in 153
galaxies with very different morphologies, masses, sizes, and gas fractions. The correlation persists
even when dark matter dominates. Consequently, the dark matter contribution is fully specified
by that of the baryons. The observed scatter is small and largely dominated by observational
uncertainties. This radial acceleration relation is tantamount to a natural law for rotating galaxies.
INTRODUCTION
The missing mass problem in extragalactic systems is
well established. The observed gravitational potential
cannot be explained by the stars and gas. A classic ex-
ample is that the rotation curves of disk galaxies become
approximately flat (V ≈ constant) when they should be
falling in a Keplerian (V ∝ R−1/2) fashion [1, 2].
The flatness of rotation curves is only the beginning
of the story of the mass discrepancy in galaxies. For
example, the baryonic mass of a galaxy (the sum of its
stars and gas: Mbar = M? + Mg) correlates with the
amplitude of the flat rotation velocity Vf . This bary-
onic Tully-Fisher relation [3–5] is a simple scaling rela-
tion (Mbar ∝ V 4f ) with no apparent dependence on other
properties like galaxy size [6, 7] or surface brightness
[8, 9]. It has remarkably little intrinsic scatter [10–12].
This implies a strong connection between the baryons
and the physics that sets Vf .
There are further indications on a connection between
baryons and dynamics. Features like spiral arms have
corresponding bumps in rotation curve [13]. The ratio
of dark to baryonic mass is known to depend on accel-
eration [14, 15]. Here we demonstrate the existence of a
quantitative relation between the acceleration due to the
baryons and that due to the total mass. A key advance
is that near-infrared photometry provides a direct link
between starlight and stellar mass: the relation follows
from the data with no adjustable parameters.
DATA
Galaxies come in a wide range of morphologies, masses,
sizes, and densities. Generically they are either pressure
supported (ellipticals) or rotationally supported (spirals
and irregulars). Here we consider rotationally supported
systems where the rotation curve provides a direct tracer
of the centripetal acceleration:
gobs =
V 2(R)
R
=
∣∣∣∣∂Φtot∂R
∣∣∣∣ , (1)
where Φtot is the gravitational potential and V (R) is the
full, resolved rotation curve. We do not consider pressure
supported elliptical galaxies for which the derivation of
the potential is more complex, but there are indications
that they may obey a similar phenomenology [16–18].
Galaxy Sample
We employ the new Spitzer Photometry and Accurate
Rotation Curves (SPARC) database [19]. SPARC is a
sample of 175 disk galaxies representing all rotationally
supported morphological types. It includes near-infrared
(3.6µm) observations that trace the distribution of stellar
mass and 21 cm observations that trace the atomic gas.
The 21 cm data also provide velocity fields from which
the rotation curves are derived. In some cases these are
supplemented by high spatial resolution observations of
ionized interstellar gas. SPARC is the largest galaxy sam-
ple to date with spatially resolved data on the distribu-
tion of both stars and gas as well as rotation curves for
every galaxy. See [19] for a complete description of the
sample and associated data.
For the purposes of this study, we apply a few mod-
est quality criteria. Ten face-on galaxies with i < 30◦ are
rejected to minimize sin(i) corrections to the observed ve-
locities. Twelve galaxies with asymmetric rotation curves
that manifestly do not trace the equilibrium gravitational
potential are rejected. This leaves a sample of 153 galax-
ies. Of the many resolved points along the rotation curves
of these galaxies, we require a minimum precision of 10%
in velocity. This retains 2693 data points out of 3149.
Dropping this last requirement has no affect on the re-
sult; it merely increases the scatter as expected for less
accurate data.
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FIG. 1. The distribution of SPARC galaxies in luminosity and
effective surface brightness. Points are coded by gas fraction
(side bar). SPARC samples all known properties of rotation-
ally supported galaxies, from low to high mass, low to high
surface brightness, and negligible to dominant gas content.
SPARC extends over an exceptional range of physical
properties (Fig. 1). It includes galaxies with rotation
velocities 20 < Vf < 300 km s
−1, luminosities 107 <
L[3.6] < 5 × 1011 L, gas masses 107 < Mgas < 5 ×
1010 M, gas fractions 0.01 < Fgas < 0.97, half-light radii
0.3 < R1/2 < 5 kpc, and effective surface brightnesses
5 < Σ? < 3 × 103 L pc−2. This range extends from
some of largest individual galaxies known to many of the
smallest. SPARC samples well the range of properties
of disk galaxies found in complete samples [20–22]. Low
mass and low surface brightness galaxies are particularly
well represented in SPARC, in contrast to flux selected
samples that are typically restricted to M? > 10
9 M
and Vf > 100 km s
−1.
All galaxies have been observed [23] at 3.6 µm with the
Spitzer Space Telescope. This provides the most accurate
available tracer of the stellar mass [24–26]. Critically,
there is little variation in the conversion from starlight
to stellar mass [11, 27]: what you see in the near-infrared
is what you get for the gravitational potential of the stars.
We have uniformly analyzed all of the photometric data
using the procedures described in [23].
Galaxies were selected for the availability of resolved
21 cm data. These interferrometric data are expensive
in both telescope time and labor, and are the limiting
factor on sample size. These rotation curves represent the
fruits of decades of work by an entire community of radio
astronomers (see references in [19]). SPARC provides the
broadest view of disk galaxies currently available.
The Gravitational Potentials of Baryons
Baryonic mass models are constructed from the ob-
served distribution of stars and gas. Azimuthally aver-
aged surface brightness profiles are converted to surface
density assuming a constant mass-to-light ratio for the
stars. The same prescription is used in all galaxies (see
below). The conversion for gas is known from the physics
of the spin-flip transition of atomic hydrogen [28]. The
atomic gas profiles are scaled up by a factor of 1.33 to
account for the cosmic abundance of helium [29]. We
make the customary assumption that galactic disks have
a small but finite thickness to obtain the 3D density ρbar
[19]. While it is important to account for the cylindrical
rather than spherical geometry of disks [30, 31], the re-
sults are not sensitive to the detailed implementation of
disk thickness.
We solve the Poisson equation
∇2Φbar = 4piGρbar (2)
numerically [30–32] to determine the gravitational po-
tential Φbar of each baryonic component (Fig. 2). The
acceleration due to the sum of baryonic components is
gbar =
∣∣∣∣∂Φbar∂R
∣∣∣∣ . (3)
Note that this refers only to the observed baryons. It is
measured independently of the actual acceleration gobs
obtained from the rotation curve.
While the majority of stars and gas resides in thin
disks, some galaxies have a central, quasi-spherical bulge
component. These bulges represent an important com-
ponent of the stellar mass in only 31 of the 153 SPARC
galaxies. For these galaxies, we treat the bulges as spher-
ical mass components distinct from the stellar disks. This
detail only affects the the estimate of gbar at the inner-
most points of a few galaxies with large bulges.
Stellar Mass-to-Light Ratios
We observe starlight while physics requires stellar
mass. The mass-to-light ratio Υ? is thus an unavoidable
conversion factor. The most robust indicator of stellar
mass is the near-infrared luminosity [33].
We have constructed stellar population synthesis mod-
els of star forming disk galaxies [25] to estimate the mass-
to-light ratio in the 3.6µm band of Spitzer. The numeri-
cal value of Υ
[3.6]
? depends only weakly on age and metal-
licity for a broad range of models with different star for-
mation histories. Here we adopt Υ
[3.6]
? = 0.50 M/L
[25] as representative of all disks of all morphological
types. Independent estimates range from 0.42 M/L
[26] to 0.60 M/L [24]. By astronomical standards,
this is a small systematic uncertainty, which we explore
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FIG. 2. Examples of mass models and rotation curves for individual galaxies. The points with error bars in the upper panels
are the observed rotation curves V (R). The errors represent both random errors and systematic uncertainty in the circular
velocity due to asymmetry in the velocity field. In all galaxies, the data exceed the lines vbar =
√
Rgbar representing the
baryonic mass models (eq. 3), indicating the need for dark matter. Each baryonic component is represented: dotted lines for
the gas, dashed lines for the stellar disk, and dash-dotted lines for the bulge, when present. The sum of these components is
the baryonic mass model (solid line). The lower panels illustrate the run of gbar and gobs for each galaxy, with the dashed line
being the line of unity. Note that higher accelerations occur at smaller radii. From left to right each line is replotted in gray
to illustrate how progressively fainter galaxies probe progressively lower regimes of acceleration.
in a companion paper [34]. Adopting different Υ? only
affects details, not the basic result.
The use of a single mass-to-light ratio is a great ad-
vance over previous work. Rather than treat Υ? as an
adjustable parameter for each and every galaxy [14], it is
fixed to a single value for all disks. While there is surely
some scatter about the central value, adopting a univer-
sal Υ? provides a direct representation of the data with
an absolute minimum of assumptions. It essentially just
places the stars and gas on the same scale. The basic
result follows simply from the luminosity profiles of each
component.
We make one small concession to astronomical com-
plexity. While population synthesis models predict very
similar Υ? for all star forming disks, they anticipate
higher Υ? for the old stars of central bulges. Hence we
adopt Υ
[3.6]
? = 0.7 M/L for bulges [25]. This two-
component population model only applies to the 31 of
153 galaxies with bulges, and has only a small effect on
the estimate of gbar in the innermost regions where the
bulge dominates (Fig. 2).
RESULTS
The mass models of individual galaxies are quite di-
verse (Fig. 2). Bright, high surface brightness galaxies
have stellar components that make a substantial contri-
bution to the mass at small radii. Indeed, it is common
for these objects to approach the regime of “maximum
disk” [35]. Stars suffice to explain most of the observed
rotation at small radii (Fig. 2). At the opposite extreme,
the mass discrepancy is large (V  Vbar) in low surface
brightness galaxies. These require lots of dark matter,
even at small radii [9, 36]. Nevertheless, the observed
acceleration gobs correlates strongly with that predicted
by the baryons gbar for all galaxies (Fig. 3).
The correlation between gobs and gbar in Fig. 3 refers to
the observed and expected centripetal acceleration. Ini-
tially, this radial acceleration relation might seem triv-
ial: acceleration correlates with acceleration. However,
the axes of Fig. 3 are completely independent. The or-
dinate, gobs, is obtained from the rotation curves. The
abscissa, gbar, is obtained from the observed distribution
of baryons via the Poisson equation. There is no guaran-
tee that gobs should correlate with gbar when dark matter
dominates.
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FIG. 3. The centripetal acceleration observed in rotation
curves, gobs = V
2/R, is plotted against that predicted for
the observed distribution of baryons, gbar = |∂Φbar/∂R| in
the upper panel. Nearly 2700 individual data points for 153
SPARC galaxies are shown in grayscale. The mean uncer-
tainty on individual points is illustrated in the lower left cor-
ner. Large squares show the mean of binned data. Dashed
lines show the width of the ridge as measured by the rms in
each bin. The dotted line is the line of unity. The solid line
is the fit of eq. 4 to the unbinned data using an orthogonal-
distance-regression algorithm that considers errors on both
variables. The inset shows the histogram of all residuals and
a Gaussian of width σ = 0.11 dex. The residuals are shown
as a function of gobs in the lower panel. The error bars on the
binned data are smaller than the size of the points. The solid
lines show the scatter expected from observational uncertain-
ties and galaxy to galaxy variation in the stellar mass-to-light
ratio. This extrinsic scatter closely follows the observed rms
scatter (dashed lines): the data are consistent with negligible
intrinsic scatter.
Nevertheless, the radial acceleration relation persists
for all galaxies of all types. Some galaxies only probe the
high acceleration regime while others only probe the low
end (Fig. 2). The outer regions of high surface brightness
galaxies map smoothly to the inner regions of low surface
brightness galaxies. These very different objects evince
the same mass discrepancy at the same acceleration. In-
dividual galaxies are indistinguishable in Fig. 3.
TABLE I. Scatter Budget for Acceleration Residuals
Source Residual
Rotation velocity errors 0.03 dex
Disk inclination errors 0.05 dex
Galaxy distance errors 0.08 dex
Variation in mass-to-light ratios 0.06 dex
HI flux calibration errors 0.01 dex
Total 0.12 dex
Figure 3 combines and generalizes four well-established
properties of rotating galaxies: flat rotation curves in the
outer parts of spiral galaxies [1, 2]; the “conspiracy” that
spiral rotation curves show no indication of the tran-
sition from the baryon-dominated inner regions to the
outer parts that are dark matter-dominated in the stan-
dard model [35]; the Tully-Fisher [3] relation between the
outer velocity and the inner stellar mass, later general-
ized to the stellar plus atomic hydrogen mass [4]; and the
relation between the central surface brightness of galaxies
and their inner rotation curve gradient [37–39].
It is convenient to fit a function that describes the data.
The function [40]
gobs = F(gbar) = gbar
1− e−
√
gbar/g†
(4)
provides a good fit. The one fit parameter is the acceler-
ation scale, g†, where the mass discrepancy becomes pro-
nounced. For our adopted Υ?, we find g† = 1.20 ± 0.02
(random) ±0.24 (systematic) ×10−10 m s−2. The ran-
dom error is a 1σ value, while the systematic uncertainty
represents the 20% normalization uncertainty in Υ?.
Equation 4 provides a good description of ∼2700 in-
dividual data points in 153 different galaxies. This is a
rather minimalistic parameterization. In addition to the
scale g†, eq. 4 implicitly contains a linear slope at high
accelerations and gobs ∝ √gbar at low accelerations. The
high end slope is sensible: dark matter becomes negligi-
ble at some point. The low end slope of the data could
in principle differ from that implicitly assumed by eq. 4,
but if so there is no indication in these data.
Residuals from the fit are well described by a Gaussian
of width 0.11 dex (Fig. 3). The rms scatter is 0.13 dex
owing to the inevitable outliers. These are tiny num-
bers by the standards of extragalactic astronomy. The
intrinsic scatter in the relation must be smaller still once
scatter due to errors are accounted for.
There are two types of extrinsic scatter in the radial
acceleration relation: measurement uncertainties and
galaxy to galaxy variation in Υ?. Measurement uncer-
tainties in gobs follow from the error in the rotation veloc-
ities, disk inclinations, and galaxy distances. The mean
contribution of each is given in Table I. Intrinsic scatter
about the mean mass-to-light ratio is anticipated to be
50.11 dex at 3.6µm [24]. This propagates to a net residual
of 0.06 dex in gbar after accounting for the variable slope
of the relation. The total expected scatter is 0.12 dex
(Table I), leaving little room for intrinsic scatter.
Astronomical data often suffer from unrecognized sys-
tematics. In the case of rotation curves, this is frequently
argued [41–43] to be the cause of the apparent discrep-
ancy [44] with the predictions of numerical simulations
[45]. This cannot be the case here. If we had neglected
some important source of uncertainty, we would erro-
neously infer a large intrinsic scatter, not a small one.
For the intrinsic scatter to be non-negligible, the errors
must be overestimated rather than underestimated. If
there were no observational uncertainty at all, the intrin-
sic scatter would still be limited by the small observed
rms of 0.13 dex.
Regardless of whether the intrinsic scatter is zero or
merely very small, the radial acceleration relation is an
important empirical facet of the mass discrepancy prob-
lem. When gbar is observed, gobs follows, and vice-versa.
This must be explained by any successful theory.
DISCUSSION
We find a strong relation between the observed radial
acceleration gobs and that due to the baryons, gbar. This
radial acceleration relation is completely empirical. It
follows from a minimum of assumptions. The only in-
puts are the data, the Poisson equation, and the simplest
possible conversion of starlight to stellar mass.
We have not considered any particular halo model for
the dark matter. Indeed, such models are unnecessary.
The distribution of dark matter follows directly from
the relation, and can be written entirely in terms of the
baryons:
gDM = gobs − gbar = gbar
e
√
gbar/g† − 1
. (5)
The dark and baryonic mass are strongly coupled [13, 14].
Possible interpretations for the radial acceleration re-
lation fall into three broad categories.
1. It represents the end product of galaxy formation.
2. It represents new dark sector physics that leads to
the observed coupling.
3. It is the result of new dynamical laws rather than
dark matter.
None of these options are entirely satisfactory.
In the standard cosmological paradigm, galaxies form
within dark matter halos. Simulations of this process do
not naturally lead to realistic galaxies [44, 46]. Com-
plicated accessory effects (“feedback”) must be invoked
to remodel simulated galaxies into something more akin
to observations. Whether such processes can satisfacto-
rily explain the radial acceleration relation and its small
scatter remains to be demonstrated [47, 48].
Another possibility is new “dark sector” physics. The
dark matter needs to respond to the distribution of
baryons (or vice-versa) in order to give the observed re-
lation. This is not trivial to achieve, but the observed
phenomenology might emerge if dark matter behaves as
a fluid [49, 50] or is subject to gravitational polarization
[51].
Thirdly, the one-to-one correspondence between gbar
and gobs suggests that the baryons are the source of the
gravitational potential. In this case, one might alter the
laws of dynamics rather than invoke dark matter. Indeed,
our results were anticipated over three decades ago by
MOND [52]. Whether this is a situation in which it would
be necessary to invent MOND if it did not already exist
is worthy of contemplation.
In MOND, eq. 4 is related to the MOND interpolation
function. However, we should be careful not to confuse
data with theory. Equation 4 provides a convenient de-
scription of the data irrespective of MOND.
Regardless of its theoretical basis, the radial accel-
eration relation exists as an empirical relation. The
acceleration scale g† is in the data. The observed
coupling between gobs and gbar demands a satisfactory
explanation. The radial acceleration relation appears to
be a law of nature, a sort of Kepler’s law for rotating
galaxies.
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